Abstract. Nitrogen (N) fertilizer runoff into rivers is linked to nutrient enrichment, hydrologic alteration, habitat degradation and loss, and declines in biotic integrity in streams. Nitrogen runoff from agriculture is expected to increase with population growth, so tracking these sources is vital to enhancing biomonitoring and management actions. Unionid mussels are large, long-lived, sedentary, primary consumers that transfer particulate material and nutrients from the water column to the sediments through their filter feeding. Because of these traits, mussels may provide a temporal integration of nitrogen inputs into watersheds. Our goals were to (1) establish a baseline d 15 N signature for unionid mussels in watersheds not heavily influenced by agriculture for use in comparative analyses and (2) determine if mussels provide an integrative measure of N sources in watersheds with varying percentages of agriculture across large spatial scales. We compiled tissue d 15 N data for 20 species of mussels from seven geographic areas, including 23 watersheds and 42 sample sites that spanned varying degrees of agricultural intensification across the eastern United States and Canada. We used GIS to determine land cover within the study basins, and we estimated net anthropogenic nitrogen inputs (NANI) entering these systems. We then determined the relationship between mussel tissue d N of mussel tissue. Based on our results, mussels occupying a system not affected by agricultural land use would have a baseline d 15 N signature of approximately 2.0%, whereas mussels in basins with heavy agriculture had d 15 N signatures of 13.6%. Our results demonstrate that mussels integrate anthropogenic N input into rivers at a watershed scale and could be a good bioassessment tool for tracking agriculture N sources.
INTRODUCTION
Nitrogen is an important limiting resource for primary production, but has become increasingly prevalent due to anthropogenic inputs (Vitousek 1997 , Elser 2011 . Reactive N is responsible for biodiversity losses, eutrophication, hypoxia, habitat degradation, and acidification (with sulfur) of both marine and freshwater habitats (Vitousek 1997 , Howard 2000 . Agriculture has a large effect on stream nutrient concentrations, sediment load, water flow, and stream channel placement (Gordon et al. 2008) and is the largest single contributor to anthropogenic nitrogen in many rivers (Boyer et al. 2002 , Howarth et al. 2012 . Even though rivers have the capacity to process much of the N entering a catchment (Boyer et al. 2002 , Galloway et al. 2003 , N entering coastal areas from rivers is a large pollution problem because it stimulates algal blooms and subsequent oxygen depletion (Dodds 2006 , Elser 2011 . Although management practices to decrease the amount of N entering waterways have been instigated (e.g., riparian buffers, wetland protection), the success of these practices in mitigating N pollution varies regionally or is largely unknown (Riseng et al. 2011) . The ability to biologically track N loading to watersheds in a way that complements predictive modeling has become of great interest in recent years (e.g., Lefebvre et al. 2007 , Hong et al. 2011 , and further tools are needed to determine watershed N loading across large spatial scales and multiple time scales.
Nitrogen stable isotopes reflect both the nitrogen source and the outcomes of processes that transform N (Robinson 2001 , Vander Zanden et al. 2005 , Diebel and Vander Zanden 2009 . Consequently, N isotope ratios Manuscript received 1 April 2013; revised 10 July 2013; accepted 11 July 2013. Corresponding Editor: C. C. Cleveland. 5 E-mail: carlalatkinson@gmail.com have been suggested as surrogate measures of nutrient loading and processing in stream watersheds (Lefebvre et al. 2007 ). Differences in land use among watersheds is correlated with the source d 15 N signal of macrophytes (Cole et al. 2004) , marine plants (Costanzo et al. 2001) , invertebrates, and fish (Fry and Allen 2003 , Anderson and Cabana 2005 , Fertig et al. 2009 ). Nitrogen from both animal manure and synthetic fertilizers can be transformed by processes such as volatilization and denitrification (Groffman et al. 2006) , leading to gaseous losses of N that fractionate N isotopes and result in elevated d
15 N values of the remaining N. For this reason, manure and synthetic fertilizer both often have enriched d
15 N values relative to background values (Hogberg 1990 , Kendall 1998 . Consequently, food web components become more enriched in d 15 N in areas receiving high fertilizer inputs. The d 15 N value of primary consumer tissue reflects an integration of the N assimilated by the consumer over a particular time period, which varies as a function of the life span and tissue turnover of the consumer (Peterson and Fry 1987) . Thus, d 15 N provides an integrated temporal and spatial measure of N sources and land use rather than a one-time snapshot of N concentrations. The information gained by isotope analyses may allow managers to collect fewer samples while still obtaining information on the N entering a stream reach over a time relevant to an animal's tissue turnover.
Freshwater mussels (Mollusca: Bivalvia: Unionidae) are large, long-lived (typically 10-25 yr, but up to 190 yr [Haag and Rypel 2011] ) primary consumers that may provide a temporal integration of nitrogen inputs into watersheds. Freshwater mussels play an important ecological role through their filter feeding. This feeding activity transfers organic materials and nutrients from the water column to the surrounding benthic area and stimulates increased primary and secondary production (Howard and Cuffey 2006, Vaughn et al. 2007 ). Adult mussels can ingest and assimilate a wide range of suspended fine particulate organic matter (FPOM), ranging in size from 1 lm up to at least 40 lm (Bro¨nmark and Malmqvist 1982, Atkinson et al. 2011 ). Thus, mussels are able to assimilate a wide variety of particulates originating from both aquatic and terrestrial sources. Despite some differences in diet, mostly due to particle size preferences (Leff et al. 1990 , Galbraith et al. 2009 , Atkinson et al. 2011 , different taxa of unionids tend to have similar isotopic signatures within a site allowing cross-species comparisons (Christian et al. 2004 , Atkinson et al. 2010 . Additionally, adult mussels are sedentary and rarely move farther than a few meters laterally per year (Kappes and Haase 2012) and less than 0.5 m in a week (Allen and Vaughn 2009) , so the isotopic signatures of their tissues should provide a good representation of N inputs into a specific stream reach.
Our goals were to (1) establish a baseline d 15 N signature for unionid mussels in watersheds not heavily influenced by agriculture for use in comparative analyses and (2) determine if freshwater mussels provide an integrative measure of N sources in watersheds with varying percentages of agriculture across large spatial scales. We compiled d 15 N data for a total of 20 species of freshwater mussels from seven geographic areas, including 23 watersheds and 42 sample sites that spanned varying degrees of agricultural intensification across the eastern United States and Canada. We then determined the relationship between mussel tissue d 15 N with the percentage of land in agriculture (%AG) and net anthropogenic N loading across this broad geographic scale, and used these data to estimate the d 15 N of mussels occupying a watershed with little to no agricultural land use. (Naimo et al. 1998 ) from each individual mussel, dried (458C), and ground. Isotope ratios are expressed in the delta (d) notation:
METHODS
where R is the 15 N: 14 N ratio. A bovine protein (peptone) lab standard was referenced against an international standard and precision averaged to 0.1% or less. Stable isotope analyses were performed as follows: Red River drainage and Ichawaynochaway Creek samples were analyzed at the University of Georgia Stable Isotope Facility using a Finnigan Delta Plus mass spectrometer (Thermo-Finnigan, Bremen, Germany); Buffalo River, Darby Creek basin, and Ouachita River samples were analyzed at the University of Alaska Fairbanks Stable Isotope Facility using a Europa 20-20 continuous flowisotope ratio mass spectrometer (Sercon, Cheshire, UK); Ontario study sites samples were analyzed at Trent University Water Quality Center using a EuroEA3028-HT EuroVector Elemental Analyzer (EuroVector SpA, Milan, Italy) coupled with a Micromass IsoPrime Continuous Flow Isotope Ratio Mass Spectrometer (Micromass, Manchester, UK).
GIS analysis.-We derived watershed areas for each sampling point using the Spatial Analyst Toolkit in ArcMap 10.0 (Environmental System Research Institute, Redlands, California, USA) with a 30-m digital elevation model (DEM) from the National Elevation Dataset. We obtained land cover (30-m resolution) for the United States from the 2006 National Land Cover Database (Homer et al. 2004) . Land cover for the Ontario sites was obtained from the Ontario Land Cover (OLC) data base. Land cover was delineated for each individual sample site.
Net anthropogenic nitrogen inputs.-We assessed net anthropogenic nitrogen inputs (NANI) to the most downstream sampling point of each individual U.S. watershed (n ¼ 10) in our database using the NANI Calculator Toolbox (Hong et al. 2011) . This model has been used to estimate total riverine N flux from landscapes to coastal ecosystems (Galloway et al. 2004 , Howarth et al. 2012 Number of sites in parentheses. à Number of points in parentheses.
§ Number of individuals per site in parentheses. } This species is currently being described.
%AG was arcsine-square-root transformed to meet assumptions of normality (Gotelli and Ellison 2004) . Because error in predictors was high in relation to the response, we used reduced major axis regression (RMA) to evaluate the relationship between the arcsine squareroot of %AG and the d 15 N of mussel tissue. Because most streams are impacted by agriculture, the y intercept was used to investigate what the d 15 N of mussel tissue may be in a watershed without agriculture. RMA was performed in the lmodel2 package in R 2.14.1 (R Core Development Team). Ordinary least-squares (OLS) regression was used to determine the relationship between agriculture and both NANI and total N in fertilizer applied to the landscape. OLS regression also was used to determine the relationship between NANI and d 15 N of mussel tissue. To determine what components of NANI (non-food crop N (e.g., cotton and tobacco), N fertilizer applied, N deposition, agricultural N fixation, and/or food crop N (e.g., wheat, corn) were important in influencing the d 15 N of mussel tissue, a backward stepwise multiple linear regression with AIC selection was used to examine significant predictors using the MASS package using R 2.14.1 (R Development Core Team 2011). Prior to multiple linear regressions, we checked for multicolinearity using Pearson correlations in the Hmisc package using R 2.14.1. Significant predictors of d 15 N found with Akaike information criterion (AIC) selection were then used in an OLS regression to determine their univariate influence on d 15 N.
RESULTS

Spatial patterns
For both %AG and d Fig. 3 ; R 2 ¼ 0.74, y ¼ 11.79x þ 1.05, P , 0.0001). The y-intercept suggests that mussels occupying a watershed without agriculture would have a d 15 N value around 1.05% 6 0.92% (mean 6 SD). Additionally, NANI (R 2 ¼ 0.58, y ¼ 33.4x þ 2171, P , 0.001) and the amount of N applied as fertilizer (R 2 ¼ 0.90, y ¼ 84.4x À 573, P , 0.001) in a watershed were both significantly positively predicted by %AG in a watershed (Fig. 4) . Furthermore, net NANI was a significant predictor of d 15 N in watersheds ( Fig. 5 ;
, demonstrating a signal of human application of nitrogen to the landscape. The y intercept of the net NANI relationship suggests that mussels in a watershed not affected by anthropogenic nitrogen would have a d 15 N value around 2.09% 6 1.6%. Collectively, the relationship of d 15 N to the %AG in a watershed and NANI indicate that a d 15 N value ranging from 0.13% to 3.69% would represent a mussel in a system not influenced by agriculture. Among the components of NANI, only the amount of nitrogen fertilizer applied to a watershed appeared as a strong predictor 
DISCUSSION
Our results show that primary consumers, especially freshwater mussels, are a good integrator of land use influences and should be a focal component of stream biomonitoring. Continuous monitoring of water quality can be time consuming and expensive and results are often difficult to summarize in an ecologically meaningful way (Olden and Poff 2003) . We found that the nitrogen isotope ratio of freshwater mussel tissue could be predicted from both the percent agriculture in the watershed and NANI. Our results indicate that mussels biogeochemically integrate nitrogen loading on the landscape and are good indicators of anthropogenic N inputs. We suggest that biomonitoring isotope ratios of mussels would be an efficient way to assess agricultural runoff into streams.
Our results combined with other studies demonstrate that the d 15 N signature of primary consumers nicely reflects variation in anthropogenic N loading. For example, a study of 82 streams by Anderson and Cabana (2006) (Fry and Allen 2003, Anderson and Cabana 2005) and nutrient enrichment (Bergfur et al. 2009, Diebel and Vander Zanden 2009) . While the relationship between agricultural land use and stream water nitrogen loads has been well established (Vitousek 1997, Lefebvre et al. However, based on our results, we would expect riverine mussels to have a d 15 N of approximately 2.0% without agriculture, allowing us to establish a theoretical baseline d 15 N signature for future bioassessments. Better predictions about how much N is entering watersheds at a variety of spatial and temporal scales and the effects of these N subsidies on ecosystem processes would be valuable. Models to calculate NANI can be used, however real-time measurements are necessary to understand amounts of N actually reaching streams. While the NANI toolbox allows prediction of the amount of N entering a watershed from various sources, it may not be very sensitive to how much N actually enters a stream over a variety of temporal and spatial scales (e.g., stream buffers may mitigate some N). Also, some of the data layers used by NANI are several years old, so the analyses may not reflect which N sources are currently influencing the river. In contrast, the d 15 N of various tissue compartments within mussels, assuming tissue-specific nitrogen turnover times, are a better representation of N that is entering a given area over a specific time period (dependent on the turnover time of the tissue). For example, Howarth et al. (2012) suggested a NANI value of 1070 kg NÁkm
À2
Áyr
À1 or lower as a threshold of N that rivers can process without exporting excess amounts to coastal waterways. Our regression analysis suggests that this would be a d 15 N value of 3.8% 6 1.6% (mean 6 SD) in freshwater mussels. Collectively, the use of NANI as a predictive tool (Appendix C) in conjunction with field monitoring tools, such as d 15 N in consumer tissues, will be useful for future N management.
In this study, we only considered the influence of agriculture on freshwater mussel tissue N isotope signatures. There was some scatter in our data and other anthropogenic land uses, such as higher urban 15 N values of inorganic N derived from sewage (Kendall 1998) can be traced in aquatic food webs influenced by urban development (e.g., Cabana and Rasmussen 1996 , Steffy and Kilham 2004 , Vander Zanden et al. 2005 . Additionally, land cover such as forest and wetlands may mitigate the influence of N loading (Zedler 2003) . While human-and animalderived wastes have d
15 N values that are elevated (Tucker et al. 1999 , Vander Zanden et al. 2005 ) and inorganic fertilizers typically have lower values (0%) of d 15 N (Kendall 1998) , N from both synthetic fertilizers and animal manure can be transformed in watersheds by processes (e.g., assimilation, nitrification, denitrification) leading to fractionation of N through gaseous loss of 14 N and disproportionate retention of 15 N within the watershed (Robinson 2001 , Groffman et al. 2006 . These differing initial signatures of fertilizer and the varying usage of fertilizer across different types of agriculture could have led to the variability in d
15 N values across locations, yet the d 15 N signature of freshwater mussels was correlated strongly with the percentage of agriculture in watersheds, suggesting that mussel tissue signatures are good indicators of human disturbance.
The linkage between land use, anthropogenic nitrogen, and the assimilation of this nitrogen into food webs shows a direct connection between the influence of humans on watersheds and the biochemical makeup of organisms. These relationships can be complex because of system-specific differences in background d 15 N, the type of N inputs, and hydrology , Hoffman et al. 2012 , Howarth et al. 2012 . Although this study does not completely agree with existing N isotope cycling models (Fry 2006, Diebel and Vander Zanden 2009) , our results are similar to other recent studies that show that d 15 N content of organisms track anthropogenic N inputs (Lefebvre et al. 2007 , Hoffman et al. 2012 , Spooner et al. 2013 . We found that freshwater mussels reflect watershed-scale changes in N entering rivers as indicated by the biochemical makeup of nitrogen (d 15 N) in their tissue. Thus, mussels should be a useful future monitoring tool for riverine N because they integrate N entering the river across both time and space. For example, threshold nitrogen concentrations of 0.3-1.0 mg N/L alter species composition of algae (specifically diatoms; Black et al. 2011) , chlorophyll concentrations in streams (Dodds et al. 2002b) , and N uptake capacity (Dodds et al. 2002a) . However, such thresholds can be hard to identify because N concentrations can vary widely over time such that typical water quality samples of N in stream water may not represent the total N loading to the stream (as suggested by Appendix B). There is often a time lag between N loading to the watershed and when the N enters the stream, usually linked to discharge (Golladay and Battle 2002 ). Freshwater mussels are long lived and sedentary; thus, individual populations could be sampled over time as part of long-term monitoring across multiple watersheds. Plus, different tissue types from freshwater mussels, such as mantle tissue (Berg et al. 1995) and hemolymph (Gustafson et al. 2007) , can be sampled nonlethally, allowing for continual monitoring without compromising mussel populations. Additionally, different tissue types have varying turnover times (Raikow and Hamilton 2001, Gustafson et al. 2007) ; thus, there is a potential to examine N loading expressed in mussel tissue across different seasons and time scales.
Excessive nitrogen loading to water bodies is responsible for loss of biodiversity, eutrophication, hypoxia, and habitat degradation in coastal ecosystems globally (Turner and Rabalais 1994 , Howard 2000 , Dodds 2006 , Riseng et al. 2011 . Thus, adequate monitoring and mitigation of N loading is essential. Our results show that the N signature in primary consumer tissue can be used as a bioassessment tool that integrates watershedlevel land use change with incoming stream nitrogen fluxes. We suggest setting baseline N signatures (for example d 15 N of 3.8%) and resampling populations over time in sensitive rivers to assess management outcomes. Freshwater mussels and other long-lived primary consumers may be an ideal tool to achieve these biomonitoring objectives. Appendix B A figure showing that water chemistry of the Oklahoma, USA, sites was not significantly related to the percentage of agriculture in the watershed, while the d 15 N of mussels was significantly positively related (Ecological Archives A024-022-A2).
SUPPLEMENTAL MATERIAL
Appendix C Relationship between net anthropogenic nitrogen inputs (NANI) and the percentage of N flux that is NANI (Ecological Archives A024-022-A3).
